Abstract: Disulfide-containing proteins are ideal models for studies of protein folding as the folding intermediates can be observed, trapped, and separated by HPLC during the folding reaction. However, regulating or analyzing the structures of folding intermediates of peptides and proteins continues to be a difficult problem. Recently, the development of several techniques in peptide chemistry and biotechnology has resulted in the availability of some powerful tools for studying protein folding in the context of the structural analysis of native, mutant proteins, and folding intermediates. In this review, recent developments in the field of disulfide-coupled peptide and protein folding are discussed, from the viewpoint of chemical and biotechnological methods, such as analytical methods for the detection of disulfide pairings, chemical methods for disulfide bond formation between the defined Cys residues, and applications of diselenide bonds for the regulation of disulfide-coupled peptide and protein folding.
Introduction
Since the elegant study reported by Anfinsen (1) on the folding of RNase A, numerous additional protein folding reactions have been reported in the interim half century. Anfinsen introduced a general rule for protein folding, called Anfinsen's dogma, 'all the information required for protein folding is contained in the amino acid sequence of a protein and the native conformation is thermodynamically stabilized'. Thus, under appropriate conditions, proteins spontaneously fold into their native conformation. Therefore, numerous attempts have been made to validate the thermodynamic control of protein folding, and to trap or regulate folding intermediates to overcome free energy control (2, 3) .
Disulfide bonds are often found in many extracellular peptides and proteins, and the native pairings of disulfide bonds are essentially required for their biological activity (4) . In general, disulfide bonds are thought to play a role in the thermodynamic stability of peptides and proteins by decreasing the entropy at their denatured state in folding. Disulfide-containing peptides and proteins show characteristic folding patterns because the half-lives of transiently produced folding intermediates are considerably longer than that of non-disulfide bonded proteins (2, 3, 5) . Therefore, it is frequently possible to trap key intermediates during protein folding, separate, and analyze them by biophysical approaches, such as mass spectrometry and NMR, thus providing essential information related to the kinetic and thermodynamic control of protein folding. However, it is generally difficult to estimate the role of disulfide bonds and to regulate their formation in the disulfide-coupled folding of peptides and proteins.
In the latter half of the 20th century, the folding mechanism of proteins was mainly investigated via the analysis of folding intermediates with mis-bridged (non-native) or native disulfide bonds during the folding of proteins, such as RNase A and BPTI (2, 5) . These studies resulted in the development of an important principle related to protein folding from the standpoint of folding intermediates, such as off-pathway and on-pathway intermediates (5, 6) . Thus, protein folding proceeds via specific processes, as predicted by Levinthal (7) . However, a complete understanding of the tertiary structure of a protein and the role of intermediates in protein folding remain to be determined.
As considered above, disulfide bonds between Cys residues are an essential structural element of disulfidecontaining peptides and proteins. Generally, disulfide-coupled protein folding is performed under thermodynamic control in the presence of chemical additives and redox reagents, such as glutathione (1) . Several mis-bridged disulfide isomers and cross disulfide linked species are also observed during folding, as described above, and the rate-determining step is thought to be the disulfideexchange reaction from non-native to native disulfide bonds in folding intermediates (8) . However, the mechanism of the disulfide exchange reaction, especially for the cross disulfide linked species, has not been established in detail. Therefore, we herein discuss recent developments associated with the mechanism of formation of crossdisulfide species in disulfide-coupled protein folding.
In addition to chemical additives, several novel enzymatic catalysts of disulfide bond formation, such as protein disulfide isomerase (PDI), in living cells have been discovered and have been utilized in studies of in vitro protein folding. Recently, to understand the role of disulfide bonds in protein folding, PDI has been utilized to regulate in vitro protein folding, in addition to chemical additives (9) (10) (11) . Some applications of PDI to protein folding are also discussed here.
Several techniques, including chemical methods, for the preparation of disulfide bonds and folding intermediates have recently been introduced, in attempts to understand and analyze the role of disulfide bonds, not only for the final native structure but also for kinetically trapped intermediates (12) . Techniques for the regioselective formation of disulfide bonds of peptides permit the conformations of not only native but also non-native disulfide bonded species to be studied. In addition, the development of chemical methods, such as native chemical ligation (NCL), has made it possible to analyze specifically labeled proteins using biophysical measurement techniques (13, 14) . More recently, recombinant techniques in biotechnology, combined with NCL, have emerged, making much larger molecular-sized proteins available for folding analyses. Therefore, recent applications of the regioselective formation of native and non-native disulfide bonds in elucidating the role of disulfide bonds of peptides and proteins are also reviewed.
Diselenide bonds between selenocysteine residues have been also introduced in place of disulfide bonds, in attempts to regulate peptide and protein conformation (15) (16) (17) (18) (19) (20) . A diselenide bond is essentially stable in the presence of thiol reagents, such as mercaptoethanol, and, because of this, disulfide-diselenide exchange reactions are generally not significant. Therefore, several peptides have been chemically synthesized and their folding regulated via the use of diselenide bonds. This method can be also applied to protein folding to regulate, not only the native conformation, but also non-native folding intermediates (19) . In addition, the introduction of diselenide bonds into proteins permits disulfide-coupled protein folding to be regulated by restricting the folding intermediates in the folding pathway (15, 21) . In this review, we introduce recent applications of the use of diselenide bonds in studies of peptide and protein folding.
Determination of the position of disulfide bonds
To investigate the role of disulfide bonds or the mechanism of disulfide-coupled folding, it is important to determine the positions of the disulfide bonds in folding intermediates or intact peptides and proteins. Here, both chemical and biophysical methods have been used to accomplish this. Chemical methods for the regioselective formation of disulfide bonds are classically employed to characterize the disulfide pairings of peptides using a combination of two or three types of thiol protecting groups, such as acetamidomethyl (Acm) and 4-methylbenzyl (MeBzl) groups, and the stepwise formation of disulfide bonds (12, 22) . The authentic chemically synthesized peptides with disulfide bonds at specific positions are then compared to folding intermediates or intact peptides by HPLC to determine the positions of the disulfide bonds. However, this method has some limitations when applied to general proteins, the major limitation being difficulties associated with the chemical synthesis of the materials. Therefore, disulfide bonds are partially reduced for determining disulfide pairings of intact proteins or folding intermediates. Gray established an elegant method using tris-(2-carboxyethyl)-phosphine (TCEP) for disulfide reduction under acidic conditions, which permits disulfide exchange reactions to be avoided (23) . After the reduction of disulfide bonds, the free thiol groups are rapidly protected by reaction with monoiodoacetamide or monoiodoacetic acid. The amino acid sequence of the protected peptides and proteins can then be determined (usually after enzymatic digestions) by Edman degradation to estimate the positions of the disulfide bonds (23) . This represents the most popular method for determining the positions of disulfide bonds in peptides and proteins.
Mass spectrometry has recently emerged as a powerful tool for the determination of disulfide bonds. Fukuyama et al. developed the use of a novel matrix, 1,5-diaminonaphthalene (1,5-DAN), for use in MALDI QIT TOFMS to assign the positions of disulfide bonds in peptides (24) . They applied the method to guanylin, a peptide that contains 15 amino acid residues with two intra-molecular disulfide bonds, and determined the disulfide pairings by MS/MS analyses. This method can also be used to assign the intermolecular disulfide pairings of peptides, such as insulin (24) . However, the method is only suitable for small or mid-sized peptides.
More recently, electron captured dissociation (ECD) and electron transfer dissociation (ETD) methods have been introduced for use in mass spectrometric analysis to conventionally determine amino acid sequences (25) . Searching extracted ion chromatography by ETD tandem mass spectroscopy has been applied to map the disulfide pairings of proteins, such as recombinant HIV-1 Env (25). The disulfide parings for 16 of the 18 cysteine residues were successfully assigned using mass spectral data.
Chemical or enzymatic additives used in the regulation of disulfidecoupled peptide and protein folding
Disulfide bond formation proceeds in a cooperative manner during the formation of the main chain structure of peptides and proteins. Therefore, several types of non-native and native disulfide bonded species play an important role in the folding pathway. However, nonnative disulfide (mis-bridged) isomers (folding intermediates) cause several problems, such as insolubility by its hydrophobic character, which constitutes impediment to studies of the role of disulfide bonds in protein folding. To overcome this shortcoming, several chemical additives have been utilized in disulfide-coupled protein folding. Urea, Gu/HCl, and Arg, known as chaotropic reagents, stabilize and destabilize protein structures at low and high concentrations, respectively. Urea stabilizes a protein conformation under entropic control at low concentrations, while Gu/HCl contributes to charge shielding and the suppression of inter-and intra-molecular electrostatic interactions (26) . In general, Gu/HCl appears to be much effective for the stabilization of a protein structure compared to urea. Low concentrations of Gu/HCl are usually employed in disulfide-coupled protein folding, resulting in the formation of the native conformation of a protein.
Arg has also been used to eliminate the formation of nonspecific aggregation in protein folding. Arg does not affect the thermodynamic stability of a protein, but suppresses the aggregation of folding intermediates or the precipitation of mis-bridged disulfide isomers (27) . However, the use of Arg does not appear to avoid the formation of misbridged disulfide isomers and may decrease the velocity of the disulfide-coupled folding reaction of peptides and proteins.
Organic solvents, such as trifluoroethanol (TFE), induce the formation of α-helical structures in peptides and proteins to artificially enhance intra-molecular hydrogen bonds (28, 29) . Therefore, TFE is generally employed to regulate the disulfide-coupled folding of α-helical peptides. For example, the native disulfide pairings of endothelin were successfully achieved by oxidation with dimethyl sulfoxide in the presence of 30%-60% TFE under strongly alkaline conditions, whereas several disulfide isomers are produced under typical folding conditions (30) . This suggests that the formation of an α-helical structure in an intermediate plays an important role in the disulfide-coupled folding of endothelin. Therefore, the disulfide bonds of endothelin may play a pivotal role in trapping the correct folding intermediates leading to the formation of the native conformation during folding. Thus, TFE has been used to examine the role of disulfide bonds in peptide folding. However, applications to protein folding are few. In this context, the use of TFE in protein folding promises to provide a new insight into the role of disulfide bonds in proteins, especially α-helical proteins.
Generally, disulfide-coupled folding reactions are carried out in the presence of redox reagents, such as the reduced and oxidized forms of glutathione. The addition of redox agents can accelerate disulfide-coupled peptide and protein folding and play an important role in achieving the native conformation under thermodynamic control. Several mis-bridged disulfide isomers and cross disulfide linked species are also observed during folding and the rate-determining step is thought to be the disulfideexchange reaction from the mis-bridged disulfide isomer to the native disulfide bonded peptides and proteins. However, little is known regarding the disulfide exchange mechanism or the role of the cross-disulfide-linked intermediates between glutathione and peptides/proteins, because it is difficult to separate and characterize the cross disulfide linked species. To investigate the role of cross disulfide linked species during disulfide-coupled peptide and protein folding, Arg-Cys-Gly was recently applied to this process, using lysozyme and prouroguanylin as model proteins. The folding velocity using the Arg-Cys-Gly redox system was three times higher than that using a typical glutathione redox system. Okumura et al. proposed that the positive net charge of the redox molecule in a mixed disulfide species is a factor in accelerating disulfide-coupled folding (31) . More recently, a series of thiol reagents carrying alkyl amino groups were examined, in attempts to estimate the role of cross disulfide linked molecules in the acceleration of disulfide-coupled protein folding. The use of diisopropylaminoethane thiol (DPAET) results in a dramatic enhancement in folding efficiency to produce the correct conformation by accelerating the disulfide shuffling reaction (32) . Local electrostatic environments around a Cys residue in a protein molecule have been predicted to affect the disulfide exchange reaction during protein folding (33) . Among the thiol reagents examined in the study, DPAET has the largest ASA + (solvent accessible surface area with positive partial charges), indicating that DPAET effectively provides a positively charged environment for stabilizing the thiolate anion of a Cys residue of the cross disulfide linked protein molecule, as shown in Figure 1 , although steric hindrance is also an important factor (32). Thus, a reducing agent with the larger ASA + is preferred for accelerating disulfide-coupled protein folding because it stabilizes (induces the formation of) the thiolate anion of the Cys residue of a protein in the cross disulfide linked folding intermediates. Such recent developments have resulted in considerable progress being made toward understanding the role of cross disulfide bonds in the folding pathway of disulfide-containing peptides and proteins.
Recently, several enzymes that catalyze disulfide bond formation/rearrangement have also been utilized in investigating the role of disulfide bonds. Disulfide bond Figure 1 Mechanism for the acceleration of disulfide-coupled protein folding by a positively charged diisopropylaminoethyl group. The positively charged alkylamino group of the cross disulfide linked species stabilizes the thiolate anion of the Cys residue intramolecularly, inducing the conversion of the thiol to the thiolate form of the Cys residue by decreasing the pK a value of the thiol group. Therefore, the combined effects, namely, charge interactions between an alkylamino cation and a thiolate anion and the induction/stabilization of the thiolate form, accelerate disulfide-coupled peptide and protein folding. formation in proteins is regulated by several types of oxidative folding systems in vivo. The protein disulfide isomerase (PDI)-endoplasmic reticulum oxidoreduclin 1 (Ero1) system in mammalian cells plays an important role in the quality control of proteins through disulfide bond formation, as does the DsbA-DsbB system in Escherichia coli cells (34) . PDI is classified as a disulfide-donating enzyme to nascent proteins, while Ero1 specifically generates a disulfide bond in PDI. This oxidative folding system takes advantage of the reversibility of disulfide bond formation in PDI and Ero1 under physiological conditions. Thus, disulfide bonds play a central role in the quality control of proteins and redox signaling in cells. Therefore, PDI is also utilized as an enzymatic additive for the in vitro folding of disulfidecontaining peptides and proteins to produce the native conformation (10, 11) . For example, disulfide bond formation of conotoxins, α-GI and α-ImI, has been estimated in both the presence and absence of PDI (9) . The native disulfide formation (corresponding to a globular form) of α-GI was significantly accelerated by the assistance of PDI among disulfide isomers although the folding yield of the correct conformation of α-GI was not affected by PDI. In addition, PDI did not affect the folding velocity of the globular form (native disulfide bonds) of α-ImI but significantly increased that of a ribbon form of α-ImI. This suggests that PDI does not discriminate between native and non-native disulfide bonded structures as well as that of RNase A, as has been reported previously (35) . PDI may accelerate disulfide-coupled protein folding by specifically recognizing partially folded intermediates that are formed in the pathway.
Selenocysteine as the tool for estimating the role of disulfide bonds in peptide and protein folding
Several types of non-native and native disulfide bonded folding intermediates are produced during disulfide-coupled protein folding in vitro. To estimate the role of each disulfide bond of multi disulfide-containing peptides and proteins, a kinetic analysis can be carried out, which permits the folding mechanism of peptides and proteins to be predicted. However, in general, the lives of folding intermediates are quite short and it is difficult to trap and estimate their conformations. In the latter half of the 1990s, selenocysteine (SeCys, Sec), the 21st amino acid, has been applied for folding studies of cysteine-rich peptides (19, 20) . SeCys and Cys share many chemical properties and SeCys residues can form diselenide bonds, analogous to a disulfide bond by Cys residues. The replacement of disulfide with diselenide bonds in peptides usually has minimal effect on the structure and biological activity of the product (18) . However, there are some differences between SeCys and Cys, such as pK a (5.2 for SeCys vs. 8.3 for Cys) and redox potential (-383 mV for SeCys vs. -238 mV for Cys) (36, 37) . This means that diselenide bonds (Se-Se) are preferred to either disulfide bonds (S-S) or selenylsulfide bonds (Se-S) and diselenide-disulfide exchange reactions are generally not significant (38) . Therefore, many types of disulfide isomers of peptides can be prepared, including unstable disulfide isomers, which can be useful in studies of the conformation of folding intermediates or mature peptides. More recently, the chemical replacement of a disulfide with a diselenide bond, including non-native disulfide bonds, has been applied to a variety of peptides, including oxytocin, endothelin, apamin, a trypsin inhibitor, and various conotoxins, in attempts to regulate peptide conformation and estimate the role of each disulfide bond (16) (17) (18) (19) (20) . All possible diselenide peptides were successfully produced and had stable conformations.
Importantly, diselenide formation can be performed in an aqueous buffer even under mildly acidic and/or reducing conditions and the diselenide bond is essentially resistant to the disulfide exchange reaction by a thiolate anion, as described above. These properties provide a strong benefit for peptide and protein folding, such as the regioselective formation of diselenide and disulfide bonds and represent a unique strategy for trapping (preparing) folding intermediates, including (unstable) disulfide isomers, under aqueous conditions (Figure 2 ). For example, each disulfide bond of apamin, which contains two disulfide bonds, was chemically replaced by a diselenide bond (19) . Thus, three possible disulfide/diselenide isomers of a seleno-apamin analogue can be produced unless the conformational preferences of this peptide would prevail over the highly differentiated redox potentials of the diselenide and disulfide bonds. Importantly, no disulfide-diselenide exchange reactions were observed. Therefore, this approach makes it possible to selectively prepare stable non-native disulfide intermediates in aqueous buffers at near neutral pH's and to facilitate studies of folding pathway in small peptides ( Figure 2C ).
In addition, techniques such as replacing disulfide bonds with isosteric diselenide bonds can be used to regulate a peptide conformation, including folding intermediates. Disulfide-rich peptides generally produce several types of kinetically trapped folding intermediates, including partially formed disulfide bonds, during in vitro folding. The overall yields for the native conformation of disulfiderich peptides are generally low and the rate-determining step is the disulfide-exchange reaction between non-native and native disulfide bonds. To improve folding efficiency, Steiner et al. incorporated a diselenide bond into peptides and successfully accelerated the disulfide-coupled folding of conotoxins by defining the folding intermediates (39) . Three disulfide-containing peptides, such as in conotoxins, theoretically produce 15 disulfide isomers with three disulfide bonds. As described above, the more stable di selenide bond would be initially formed at the initial stage of the folding reaction, especially under weakly acidic conditions, and so would provide a constraint to producing the initial structure in oxidative folding, resulting in the regulation of the folding pathway. Thus, the introduction of a diselenide bond to the native disulfide position of ω-conotoxin GVIA and μ-conotoxin SIIIA significantly increased the folding-velocities. These results indicate that the diselenide bond possesses the ability to regulate folding intermediates and improve folding efficiency and can be used to advantage in investigations of the role of disulfide bond in peptide folding.
More recently, diselenide bonds have been utilized to investigate the folding pathway of the protein, BPTI (15) . The folding pathway of BPTI was extensively studied by Creighton, as well as Weissman and Kim, and predominantly consists of two kinetically trapped intermediates (2, 5, 40) . In the early stage of folding, folding intermediates with a native disulfide bond (Cys30-Cys51 or Cys5-Cys55) are rapidly produced, followed by the formation of another disulfide bond (Cys14-Cys38). Non-native disulfide species (Cys5-Cys14 or Cys30-Cys51) are also observed during the folding of BPTI but the pathway is thought to be kinetically excluded from the folding pathway of BPTI. To validate the folding pathway for BPTI and the role of non-native disulfide bonds in its folding, Metanis and Hilvert replaced the non-native disulfide bond (Cys5-Cys14) with a diselenide bond (15) . BPTI, which contains a diselenide bond between the SeCys5 and SeCys14 residues, was able to fold into the native conformation carrying selenylsulfide bonds (SeCys5-Cys55 and SeCys14-Cys38) under the condition used. As described above, the diselenide-disulfide exchange reaction does not generally occur in peptide folding. Surprisingly, the net stability of a BPTI molecule overcomes the partial stability of the diselenide bond in the case of SeCys-containing BPTI, driving the diselenidedisulfide exchange reaction (15) . However, it should still be noted that the target folding intermediates can be specifically trapped during folding using the diselenide bond.
Outlook
Transiently trapped folding intermediates play a key role in the folding pathway of disulfide containing peptides and proteins. Therefore, it is important to regulate/ investigate the conformation of the intermediates to determine the role of each disulfide bond of a peptide and protein. However, little is known concerning the folding intermediates that are produced in cases of disulfide-coupled folding of peptides and proteins on a molecular level. In this review, we introduced some of the recent developments in investigations of the role of disulfide bonds in the area of disulfide-coupled peptide and protein folding using diselenide bonds instead of disulfide bonds. A diselenide bond can be used for an advantage in investigating a folding pathway, and to regulate folding intermediates that are produced in disulfide-coupled peptide and protein folding. The strategies described herein can provide critical clues or new insights in the formation of disulfide-coupled peptides and protein folding. However, to utilize the method, some technical problems should be cleared for the preparation of SeCys-labeled peptides and proteins. Expressed protein ligation (EPL) is known as a combined method of chemical synthesis and the use of recombinant techniques for the preparation of specifically labeled proteins. Therefore, it appears likely that EPL will be further developed to permit the more convenient preparation of SeCys-labeled proteins.
In addition, analytical methods for investigating transiently produced disulfide species (folding intermediates) are required for the investigation of disulfide-coupled peptide and protein folding. Mass spectrometry has been utilized to analyze, not only the positions of disulfide bonds of peptides and proteins but also the complex structure of proteins. The method possesses the potential for the analysis of transiently produced folding intermediates by real-time detection. This supporting technology is also important in terms of investigating the role of disulfide bonds and the regulation of disulfide-coupled peptide and protein folding.
Highlights
-Chemical and biophysical methods to determine the positions of disulfide bonds are introduced. -The reactivity of the cross disulfide linked moiety of folding intermediates is discussed and explained based on the solvent accessible surface area with positive partial charges. -PDI does not discriminate between native and nonnative disulfide bonded structures. PDI may accelerate disulfide-coupled protein folding by specifically recognizing partially folded intermediates that are formed in the pathway.
-A diselenide bond can be used for an advantage in investigating the folding pathway and regulate folding intermediates of disulfide-coupled peptide and protein folding by replacing a disulfide bond. -Diselenide bonds have been utilized to trap folding intermediates in disulfide-coupled peptide and protein folding processes.
